) submarine landslides can potentially generate very destructive tsunamis and damage expensive 19 sea floor infrastructure. It is therefore important to understand their frequency and triggers, and whether their 20 frequency is likely to change significantly due to future climatic and sea level change. It is expensive to both 21 collect seafloor samples and to date landslides accurately; therefore we need to know how many landslides 22 we need to date, and with what precision, to answer whether sea level is a statistically significant control. Previ-23 ous non-statistical analyses have proposed that there is strong correlation between climate driven changes and 24 landslide frequency. In contrast, a recent statistical analysis by Urlaub et al. (2013) of a global compilation of 25 41 large (N1 km 3 ) submarine landslide ages in the last 30 ka concluded that these ages have a temporally random 26 distribution. This would suggest that landslide frequency is not strongly controlled by a single non-random global 27 factor, such as eustatic sea level. However, there are considerable uncertainties surrounding the age of almost all 28 large landslides, as noted by Urlaub et al. (2013) . This contribution answers a key question that Urlaub et al. 29 (2013) posed, but could not address -are large submarine landslides in this global record indeed temporally ran-30 dom, or are the uncertainties in landslide ages simply too great to tell? We use simulated age distributions in 31 order to determine the significance of available age constraints from real submarine landslides. First, it is 32 shown that realistic average uncertainties in landslide ages of ±3 kyr may indeed result in a near-random distri-33 bution of ages, even where there are non-random triggers such as sea level. Second, we show how combination of 34 non-random landslide ages from just 3 different settings, can easily produce an apparently random distribution if 35 the landslides from different settings are out of phase. Third, if landslide frequency was directly proportional to 36 sea level, we show that at least 10 to 53 landslides would need to be dated perfectly globally -to show this cor-37 relation. We conclude that it is prudent to focus on well-dated landslides from one setting with similar triggers, 38 rather than having a poorly calibrated understanding of ages in multiple settings. (Hampton et al., 1996; Hühnerbach and Masson, 2004; 55 Talling et al., 2007). Perhaps the most remarkable aspect of large sub-56 marine landslides is that they typically can occur on very low gradients worldwide, which includes the last 120 ka (Fig. 1) . This is the largest The analysis by Urlaub et al. (2013) included the often considerable un-136 certainties in landslide ages in this analysis (Fig. 1) , unlike most previ- bin, and the number of bins with one, two or more landslide ages.
Are large submarine landslides temporally random or do uncertainties in 2 available age constraints make it impossible to tell? 3Q2 E. Pope ) submarine landslides can potentially generate very destructive tsunamis and damage expensive 19 sea floor infrastructure. It is therefore important to understand their frequency and triggers, and whether their 20 frequency is likely to change significantly due to future climatic and sea level change. It is expensive to both 21 collect seafloor samples and to date landslides accurately; therefore we need to know how many landslides 22 we need to date, and with what precision, to answer whether sea level is a statistically significant control. Previ-23 ous non-statistical analyses have proposed that there is strong correlation between climate driven changes and 24 landslide frequency. In contrast, a recent statistical analysis by Urlaub et al. (2013) of a global compilation of 25 41 large (N1 km 3 ) submarine landslide ages in the last 30 ka concluded that these ages have a temporally random 26 distribution. This would suggest that landslide frequency is not strongly controlled by a single non-random global 27 factor, such as eustatic sea level. However, there are considerable uncertainties surrounding the age of almost all 28 large landslides, as noted by Urlaub et al. (2013) . This contribution answers a key question that Urlaub et al. 29 (2013) posed, but could not address -are large submarine landslides in this global record indeed temporally ran-30 dom, or are the uncertainties in landslide ages simply too great to tell? We use simulated age distributions in 31 order to determine the significance of available age constraints from real submarine landslides. First, it is 32 shown that realistic average uncertainties in landslide ages of ±3 kyr may indeed result in a near-random distri-33 bution of ages, even where there are non-random triggers such as sea level. Second, we show how combination of 34 non-random landslide ages from just 3 different settings, can easily produce an apparently random distribution if 35 the landslides from different settings are out of phase. Third, if landslide frequency was directly proportional to 36 sea level, we show that at least 10 to 53 landslides would need to be dated perfectly globally -to show this cor-37 relation. We conclude that it is prudent to focus on well-dated landslides from one setting with similar triggers, 38 rather than having a poorly calibrated understanding of ages in multiple settings. 39 © 2015 Published by Elsevier B.V.
Introduction

45
Submarine landslides are one of the volumetrically most important 46 mechanisms through which sediment is transported from the continen-47 tal slope to the deep ocean (Hühnerbach and Masson, 2004; Masson 48 et al., 2006; Korup, 2012; Talling et al., 2012; Urlaub et al., 2013 Urlaub et al., , 49 Q3 2014 . Landslide deposits have been mapped on many continental 50 slopes as disparate as southeast Australia (Clarke et al., 2012) and the
51
Grand Banks, Newfoundland (Piper et al., 1999) . Submarine landslides 52 can be far larger than any terrestrial landslide, and can involve the 53 movement of hundreds or even several thousands of cubic kilometres 54 of material (Hampton et al., 1996; Hühnerbach and Masson, 2004; 55 Talling et al., 2007) . Perhaps the most remarkable aspect of large sub-56 marine landslides is that they typically can occur on very low gradients Waelbroeck et al., 2002) plotted with submarine landslide ages, which includes their uncertainty intervals (from Urlaub et al., 2013) . If available, the age with the highest probability is shown by a grey square. The colour of the uncertainty line indicates the sedimentary environment. The grey time line on the upper part of the figure indicates the sea level pattern. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Different sampling strategies for radiocarbon dating of submarine landslides. The rectangles represent sediment cores with hemipelagic background sedimentation (white) and a landslide deposit (grey). Open and filled black circles indicate the position of the sample. A minimum age is obtained by taking one (a) or several samples (b) from the hemipelagic unit above the landslide deposit. A maximum age is obtained when samples are either taken from the hemipelagic unit below (c) or within (d) the failure deposit. A linear average sedimentation rate for the core based on one sample can be significantly different from actual temporary sedimentation rates (e), which can be calculated when several samples between the top of the core and the top of the failure deposit are available. Samples above the deposit can give an age too young if located on a local high (f) and bioturbation on the top as well as erosion at the base of the failed deposit (g) are possible sources of uncertainty to the estimated ages. Fig. 1 from Urlaub et al., 2013 .
1.3. Rationale for this study -why is it necessary, novel and valuable? 198 This study answers the key outstanding questions that remain from 199 the study of Urlaub et al. (2013) in the dataset (Swan and Sandilands, 1995 on the number of classes observed (see Swan and Sandilands (1995) 272 for further details). The critical values at the 95% confidence level can 273 be seen in Table 1 .
274
In addition to the χ 2 test set out in (Urlaub et al., 2013) we also use provides a more rigorous analysis. times, or patterned in time ( Fig. 3 ; Swan and Sandilands, 1995) . f(x) is equal to 1.
307 307
Patterned landslide ages were produced by using more than one of 308 these generating functions. These patterned events were manipulated 309 to change their average event frequency (Fig. 3) We also simulate different landslides coming from multiple settings.
363
Each setting was defined to have a perfectly periodic (non-random) se-364 quence ( Fig. 3a) , but with a different return period. For example, one 365 setting was given a uniform recurrence interval of 1.5 kyr, another 366 2 kyr, and the third 3.5 kyr. Landslide ages from these multiple settings
367
were then combined into one overall catalogue and tested for a tempo- landslides in this catalogue was defined to be directly proportional to 
sea level, using a global eustatic sea level curve for the last 30 ka 386 (Waelbroeck et al., 2002 another variable and landslide frequency. Each system is likely to have different characteristic landslide recurrence intervals due to different local environmental factors. River fan systems experience the highest sediment input during deglaciation or lowstands, depending on latitude, as rivers efficiently transport terrestrial sediment (Covault and Graham, 2010; Urlaub et al., 2013) . Glaciated margins are strongly influenced by climatic cycles due to the direct influence of growing and shrinking ice sheets and the position of ice streams (Lee, 2009) in terms of both local sea level and the location and timing of sediment delivery (Dowdeswell et al., 1996) . Sediment starved margins are characterised by lower sediment deposition rates as they have not been affected by glaciation and are located away from major river fan systems. Labels (a) landslide headscarp, (b) landslide deposits, (c) trough mouth fan, (d) river fan delta, (e) interbedded sequence of background hemipelagic and sediment density flow deposits.
Importantly, whilst we analyse sea level, this analysis is also to recognise temporal order.
531
The impact of age uncertainties of ±0.75 kyr on landslide patterns is 532 shown in Fig. 7 . Here, we show the impact of ±0.75 kyr on the χ 2 value 533 to the landslide patterns shown in Fig. 6 . Fig. 7a -d all show that age t2:1 Table 2 t2:2 χ 2 and likelihood ratio results for landslide age patterns containing the greatest number of events with no age uncertainties which appear to be random according to the χ 2 test. etc.). The overlaying of ordered patterns appears to generate recognised it as non-random. In a-d the red line represents the χ 2 critical value; one the χ 2 statistic is above the critical value the pattern of landslides is no longer considered random.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
randomness. Conversely, when perfectly periodic landslide ages were in 582 phase, the distribution of the combined dataset was not perceived to be 583 random.
584
Age uncertainties were applied, both uniformly across three perfect-585 ly periodic landslide datasets and to individual datasets. The latter was 586 intended to replicate the different sized age uncertainties associated 587 with the various margin types seen in Urlaub et al. (2013) . Addition of 588 age uncertainty to any or all of the records acted to make the distribu-589 tion of events appear more temporally random.
590
This methodology was also applied to the other patterns of landslide 591 ages seen in Fig. 3 
Discussion
626
We first discuss the implications of the answers to our three aims Therefore it is necessary to vary the position of the bins, up to the 648 bin width in order to assess links between landslides and sea level. A second issue is that we assume that landslide frequency is directly
725
proportional to sea level, such that the constant proportionality is unity.
726
It is possible that a much stronger association exists, such that the 727 constant proportionality is far greater than unity. In such a situation, a 728 smaller number of landslides may be needed to test for a significant 729 association with sea level. ship with landslide frequency at a global scale. Local sea level change Fig. 8 . Illustration of how non-random landslides in three settings can be combined to produce random series of landslide ages. Abacus plots showing the combination of landslide ages from three different settings (white, green and pink circles). The lower time series in each panel shows the combined landslide age record. Each setting has landslide ages that are perfectly periodic, but with different recurrence intervals. The setting with the most frequent landslides is shown by the white circles, the setting with the most infrequent events is shown by the pink dots. The grey vertical lines are the edges of 1 kyr bins, which would be used to calculate the histogram of landslide frequencies through time. Parts a, b and c are used to illustrate the importance of differences in phase, as defined by the initial slide event in each series. For example, all three records start in phase in part c, such that they all start with a landslide at the same instant. Part a shows the least in phase landslides, and generates the most strongly temporally random sequence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) these hazardous events are temporally random (Urlaub et al., 2013) .
894
However, it was unclear whether the landslides were temporally 
918
The results of this study indicate the issues inherent with using the 919 global record of submarine landslide occurrence in its current form.
920
Our results indicate that both realistic age uncertainties and combina- 
